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We demonstrate laser cooling and magneto-optical trapping of europium. The atoms are optically
pumped to a metastable state and then loaded from an atomic-beam source via conventional Zee-
man slowing and magneto-optical trapping techniques using a J = 13/2 ↔ J = 15/2 quasi-cyclic
transition. The trapped populations contained up to 1 × 107 atoms, and a two-body loss rate is
estimated as 1 × 10−10 cm3/s from the non-exponential loss of atoms at high densities. We also
observed leakage out of the quasi-cyclic transition to the two metastable states with J = 9/2 and
11/2, which is adequate to pump the laser-cooled atoms back to the J = 7/2 ground state.
Magneto-optical traps (MOTs) for atoms have become
standard tools in atomic physics, enabling the investi-
gations of fundamental and applied physics in diverse
scientific topics such as degenerate quantum gases [1],
quantum information processing [2, 3], and optical fre-
quency standards [4]. Laser cooling with optical tran-
sitions in a nearly closed subset of atomic states is re-
quired to operate a MOT. Except for ytterbium, the lan-
thanides possess complex energy structures owing to the
presence of open f-shells. Forming a MOT with an open
f-shell-lanthanide was first demonstrated in 2006 using
erbium [5]. Demonstrations of MOTs with dysprosium
[6], thulium [7], and holmium [8] followed a few years
later. Exploring the lanthanides is motivated by sev-
eral topics in current research areas. Examples include
dipolar phenomena relying on magnetic dipole-dipole in-
teractions [9–12] that capitalize on the large magnetic
dipole moments of the lanthanides as well as quantum
information processing using collective encoding of multi
qubit quantum registers [13] that depend on the large
spin degrees of freedom of these elements.
Herein, we report the formation of a MOT using eu-
ropium (Eu), a lanthanide possessing two stable bosonic
isotopes: 151Eu (comprising 48 % of the natural abun-
dance of this element) and 153Eu (52 %). Both isotopes
have nuclear spins I = 5/2 and large dipole moments
µ = 7Bohr magnetons (7µB). The Eu atom has a spher-
ically symmetric 8S7/2 electronic ground state in contrast
to the other dipolar lanthanides. The large electronic or-
bital angular momentum of the ground state provides
strong anisotropy, which leads to a rich behavior of the
interactions between the atoms [14, 15]. The highly sym-
metric electronic ground state of Eu reduces the density
of magnetic-field-induced Feshbach resonances [16]. In
addition to the dimer Eu2 [17], Eu forms heteronuclear
molecules with alkaline or alkaline-earth atoms, which
possess both large electric and large magnetic dipole mo-
ments. These molecules are promising candidate systems
for quantum simulations of many-body physics [18, 19].
The hyperfine structure of Eu enables us to control
the scattering length using RF fields [20, 21] without
applying static magnetic fields. In addition, the hyper-
fine state with the largest magnetic-dipole moment in the
electronic ground state corresponds to the lowest-energy
state in the hyperfine manifold. These features are of in-
terest for exploring ground-state phases in dipolar spinor
Bose gases [22–25]. Manipulation of contact interactions
at low magnetic fields (. 1 mG [25]), such that Zeeman
effects do not obscure the dipolar effects, becomes cru-
cial for experimental investigations of the true quantum
ground state of the system.
An energy level diagram of neutral Eu [26, 27] is
shown in Fig. 1. The ground state |g〉 has angular mo-
mentum J = 7/2 with odd parity. The transition to
the state, labeled by |e1〉, is the only dipole-allowed
transition at wavelengths longer than 400 nm (energies
≤ 25000 cm−1) to an even-parity state with J ′ = 9/2.
This is a strong J ↔ J + 1 transition: the transition
wavelength is 460 nm and exhibits a broad linewidth of
27 MHz. However, eleven low-lying odd-parity states ex-
ist for |e1〉. The lower limit to the probability of leak-
age of the |g〉 ↔ |e1〉 system was spectroscopically de-
termined to be 1.05(2)× 10−3 [29]. This suggests a pes-
simistic outlook for laser-cooling using this transition; we
cannot expect to laser-cool the atoms without using mul-
tiple repumping lasers operating at different wavelengths
to plug the leaks. A simple alternative is to use the cyclic
transition |m3〉 ↔ |e3〉 (with a transition wavelength of
583 nm and a natural linewidth of Γ/2pi = 8.2 MHz). For
laser cooling using this transition, the atoms are first
pumped from the ground state |g〉 to the intermediate
states |m1〉 and |m2〉 by driving the |g〉 ↔ |e1〉 transition
with a pumping beam at 460-nm wavelength. Adding
two additional pumping beams at the wavelengths 507
and 513 nm enables us to pump the atoms to |m3〉, as
schematized in Fig. 1.
Our Eu atomic beam was produced using an effusive
oven operating at 870 K. The atoms emitted from the
oven are first pumped to |m3〉 and then decelerated in a
210-mm-long Zeeman slower. Our Zeeman slower oper-
ates with light that is red-detuned by ∆s/2pi = 240 MHz
from the unshifted resonance of the cyclic transition
F = 9 ↔ F ′ = 10. This system allows the deceleration
of 151Eu atoms in the metastable state |m3, F = 9〉 that
have velocities lower than 150 m/s, which corresponds to
the lower 7.5 % of the velocity distribution. The three-
color pumping light beams (at the wavelengths of 460,
507, and 513 nm) copropagate along the slowing light
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FIG. 1. (Color online) The energy levels of Eu [26, 27] showing the pumping and laser-cooling transitions. We have plotted the
levels up to the energy of 32948.41 cm−1, which corresponds to the uppermost level |e2〉 in our experiment, while some levels
are omitted because they have not been fully interpreted [26]. Odd-parity states are indicated by gray lines (red online). Bold
arrows indicate laser-driven transitions, and dashed arrows show spontaneous decay channels relevant to our optical pumping
procedure. Although the excited states |e1〉, |e2〉, and |e3〉 have additional decay channels, here we omit the decays to the
other states for clarity. The level diagram on the right shows the hyperfine level structures of the 583-nm transition, which
were calculated from the A and B coefficients for 151Eu [28]. The transition F = 9↔ F ′ = 10 is used for the laser-cooling and
the Zeeman slowing, while the transition F = 8↔ F ′ = 9 is used for the repumping.
beam. The optically pumped and decelerated atoms are
fed into the chamber used for the MOT, which has a
pressure of ∼ 1 × 10−8 Pa with the atomic beam run-
ning. Our MOT is formed in a quadrupole magnetic
field provided by anti-Helmholtz coils and three pairs
of counter-propagating, circularly polarized cooling-light
beams. The cooling light is also red-detuned by ∆c from
the F = 9 ↔ F ′ = 10 cyclic transition. On-resonant
repumping light tuned to F = 8↔ F ′ = 9 overlaps with
all the cooling beams. The beams have Gaussian waists
(1/e2 intensity radii) of 11 mm and are truncated by a
circular aperture of 21.6-mm-diameter.
The total number of trapped atoms are determined
using an absorption imaging technique with a circularly
polarized probe pulse tuned to the F = 9 ↔ F ′ = 10
transition. After atom loading, we turned off all the light
beams and the quadrupole magnetic field and applied a
weak magnetic field of ∼ 1 G along a given direction. Ir-
radiation with a two-color, σ+-polarized light pulse tuned
to F = 9 ↔ F ′ = 9 and F = 8 ↔ F ′ = 9 enables us to
pump the atoms into the dark state |F = 9,MF = 9〉,
where MF is a magnetic quantum number. By rotating
the magnetic-field either to be parallel or antiparallel to
the propagation direction of the probe pulse, we confirm
that the degree of spin polarization is sufficient to de-
termine the number of atoms assuming that the atomic
ensemble is fully polarized. In addition, we find that
the spin polarization of the atoms varies in a compli-
cated manner with the parameters used for the MOT.
Consequently, the effective saturation intensity for the
multilevel system F = 9 ↔ F ′ = 10 is not constant,
which makes the quantitative determination of excita-
tion fraction difficult. Figure 2 summarizes the number
of trapped atoms as a function of the total power P of the
six cooling beams, the detuning ∆c/Γ of the cooling light,
and the magnetic-field gradient dB/dz along the symme-
try axis z. With the optimized parameters ∆c/Γ = −2.4,
P = 36 mW, and dB/dz = 17.5 G/cm, we success-
fully loaded a MOT with 1 × 107 atoms. The power
of 36 mW corresponds to a total intensity I = 1.3Is,
where Is ' 2.7 × 5.4 mW/cm2 is the conventional sat-
uration intensity; the factor of 2.7 accounts for averaging
over equally populated Zeeman sublevels and for all kinds
of polarization of the light field in the MOT. Simplified
Doppler-cooling theory [30] predicts the MOT tempera-
ture TD for arbitrary I and ∆c as:
TD =
~Γ
4kB
1 + I/Is + (2∆c/Γ)2
2|∆c|/Γ . (1)
This temperature has a minimum value (Doppler-cooling
limit, 210µK for the transition at 583 nm) in the limit
3(a) (b)
(d)(c)
FIG. 2. (Color online) The number of trapped atoms as a
function of the magnetic-field gradient dB/dz and the de-
tuning of the cooling light (∆c/Γ). Panels (a)-(d) corre-
spond to the total cooling-light powers 12 mW(a), 24 mW(b),
36 mW(c), and 48 mW(d).
of I/I0  1 with 2∆c/Γ = −1. In temperature deter-
mination using ballistic expansion, we observed a dual-
component gas comprising a cold core surrounded by a
hot shell, which resembles the structures reported in a
MOT for dysprosium [6, 31]. For the optimal parame-
ters mentioned above, the temperatures of the core and
the shell are estimated to be 230(21)µK and 1.1(1) mK,
respectively, while the Doppler-cooling temperature TD
is calculated as ∼ 500µK for this parameter. Much lower
temperatures have been obtained with smaller magnetic-
field gradients. For example, we observed a core temper-
ature of 41(4)µK and a shell temperature of 410(80)µK
with dB/dz = 5 G/cm and ∆c/Γ = −1.1. The number
of atoms in the core and the shell are ∼ 50 % of the total
population; however, note that this percentage may con-
tain significant error because herein the atom numbers
are determined without using the spin polarizing proce-
dure.
We also measured the lifetime of atoms in the MOT
by interrupting the atom loading to the MOT. For ex-
ample, Fig. 3 shows the decay curve observed with the
optimal MOT parameters, while the pumping laser beam
at the wavelength of 460 nm was turned off to prevent the
production of the metastable atoms. The phenomenolog-
ical equation for the number N(t) of trapped atoms is as
follows:
dN
dt = −γN − β
∫
n2(r, t)d3r. (2)
Assuming that the density distribution n(r, t) can be ex-
pressed as a Gaussian with a root-mean-square (RMS)
size σx,y,z along the three axes, we can rewrite the last
term in Eq. 2 as −βN2/Veff, where Veff is a volume given
FIG. 3. (Color online) The observed MOT fluorescence-decay
curve for the optimal trapping parameters. The data were
obtained by averaging five MOT loading/decay cycles. The
solid curve is a fit to the non-exponential decay model given
by Eq. 3. For comparison, the dashed line shows a simple
exponential fit to the data after 0.75 s.
by Veff = (2
√
pi)3σxσyσz. Herein, we chose the axial di-
rection of the MOT coil as z and the other two orthogo-
nal radial directions as x and y. We determined the RMS
sizes via absorption imaging with the probe pulse propa-
gating along the x direction, just after releasing the cloud
by turning off the light fields for the MOT. Using the
absorption imaging dataset obtained with various MOT-
holding durations (< 0.75 s), we found the dimensions to
be σy = 324(8)µm and σz = 178(6)µm; the numbers in
parentheses here denote the respective standard devia-
tions. We confirmed that these sizes are approximately
independent of the MOT-holding durations or the num-
ber of atoms remaining in the trap. Note that, for the
following determination of β, we assume σx = σy. The
decay of the number of trapped atoms N is obtained by
integrating Eq. 2. This gives
N
N0
= 1(1 + γ2/γ)eγt − γ2/γ , (3)
where N0 is the initial number of atoms and γ2 is de-
fined as βN0/Veff. We extracted the coefficients from
fitting Eq. 3 to the experimental data; this yields γ =
1.9 s−1 and γ2/γ = 0.55, which corresponds to β '
1 × 10−10 cm3/s. This result provides an upper limit to
the two-body collision rate constant. Although the mag-
nitude of β obtained for the metastable Eu∗ atoms in the
MOT is comparable to that for metastable noble gases
in traps without near-resonant light fields [32], a pen-
ning collision (Eu∗ + Eu∗ → Eu + Eu+ + e−) might not
occur even for a collision between Eu atoms in a lower
state (|m3〉, 13778.68 cm−1) and an excited state (|e3〉,
30923.71 cm−1), because the ground-state energy of ion-
ized Eu+ (9S4, 45734.74 cm−1) is large compared with
the energy of the metastable states. Comparable values
of the two-body rate constant can also be found in a sys-
tem of magnetically trapped L 6= 0 atoms such as erbium
(3.0 × 10−10 cm3/s [33]) or thulium (1.1 × 10−10 cm3/s
[33]) owing to the long-range electrostatic quadrupole-
quadrupole interaction, in contrast to the L = 0 ground
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FIG. 4. (Color online) Dependence of the one-body loss rate
γ on the repumping lasers or repumpers (at the wavelengths
of 507 and 513 nm) and the total power of the cooling light.
The magnetic-field gradient and the detuning of the cooling
light were 10 G/cm and −0.5Γ, respectively.
state of europium (2.5(1.5) × 10−13 cm3/s; see reference
[34]). Further investigations will focus on collisional pro-
cesses among Eu atoms at rest in a magnetic or an optical
trap.
To determine the one-body loss rate γ, we measured
the fluorescence decays by changing the power of the
cooling light, i.e., the excitation fraction, to study the
cause of its large magnitude. We found that γ depends
strongly on the existence of pumping laser beams, par-
ticularly at the wavelength of 513 nm and on the power
of the cooling-laser beams, as shown in Fig. 4. This
could be explained by the assumption of fractional leak-
age from upper cooling level |e3〉 to |m2〉 as one of the
main loss mechanism, since the 513-nm repumper can
return the atoms from the metastable state |m2〉 to the
cyclic transition |m3〉 ↔ |e3〉 with an efficiency of. 75 %,
where the branching ratio limits the repumping capa-
bility. The finite repumping efficiency causes the resid-
ual dependence on the cooling-laser power for the case
wherein two repumpers are used. In addition, the re-
pumping seems to work well even for a small cooling-laser
power. This suggests that other decay paths exist from
the lower metastable state |m3〉. Since an even-parity
state with J = 11/2 exists at 1800 cm−1 above |m3〉 as
shown in Fig. 1, the excitation from |m3〉 driven via ther-
mal blackbody radiation and the spontaneous decay to
|m2〉 (and to the other states) may be participating in
the loss mechanism.
In conclusion, we demonstrated a MOT containing up
to 1 × 107 optically-pumped metastable 151Eu atoms.
Measurements of loss from the MOT suggest that, in
addition to two-body collisions in the MOT, fractional
leakage from the upper cooling level for the MOT limits
the number of trapped atoms.
We note that the observed leakage to |m2〉 will be
helpful for pumping the cooled atoms back to the elec-
tronic ground state |g〉 using additional pumping light
tuned to the transition |m2〉 ↔ |e1〉 (see Fig. 1). Al-
though the obtained laser-cooled atoms in |m3, F = 9〉
have large magnetic moments µ = 11µB, a concern
in bringing an ensemble of the atoms into quantum
degeneracy is that the atoms are in the uppermost
energy level in the hyperfine manifold. Future work
will include a pumping the atoms back to |g〉 and a
narrow-line cooling of the atoms using transitions such
as |g〉 ↔ 4f7(8So)6s6p(3Po)z 10P9/2, where the transi-
tion wavelength and the natural linewidth are 687 nm
and 97(2) kHz [35], respectively.
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